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I.

INTRODUCTION

One result of the development of nuclear power has
been the problem of radioactive waste disposal.

In the

past these waste materials have been treated to reduce
their volume, stored until the radiological hazard dimin
ished, and then disposed of in an authorized manner.

How

ever, the wastematerial contains radioactive fission
elements, many

a

which are of value in industry and in

radiochemical and medical research.

Therefore, techniques

are being developed to recover some of the useful fission
elements.

Many of these techniques are so diversified

that t hey cannot be utilized in a continuous flow process.
Electrodialysis employing synthetic ion exchange
membranes is one technique which lends itself readily to a
continuous flow process.

Investigation has proven that

certain fission elements can be separated by electrodialy
sis from radioactive waste materlals (9) .

If electrodialy

sis is used in a continuous flow process, the ion exchange
membranes employed will be exposed to large amounts of
gamma radiation from the fission elements.

Since the

general effect of radiation on organic material is destruc
tive, information on the effects of gamma radiation on ion
exchange membranes is desirable.
The purpose of this investigation was to determine
the effects of gamma radiation on i on exchange membranes.
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II.

LITERATURE REVIEW

This review is presented in three parts: (A) Ion
exchange resins and membranes, (B ) Gamma rays and their
interaction with matter, and (C ) The effects of gamma
radiation on compounds.
Ion Exchange Resins and Membranes
Ion Exchange Resins. (l? ) Ion exchangers are generally
A.

1.

considered to be insoluble solid materials which contain
exchangeable cations or anions.

When the ion. exchanger is

placed in an electrolyte solution, the exchanger cations or
anions can be replaced by a stoichiometrically equivalent
amount of electrolyte ions of the same charge.

Cation

exchangers are materials of exchangeable cations, and anion
exchangers, materials of exchangeable anions.
Cation exchange is shown by
+ NaCl(aq)

XH

(1)

XNa + HCl(aq)

and anion exchange by
XOH
X

+ NaCl ( aq ) � XCl + NaOH ( aq )

(2)

represents the structural unit of the ion

exchanger; solid phases are underlined; (aq)
indicates an aqueous electrolyte solution.
lS
Ion exchange resins ( ) are insoluble organic fram-

works to which are attached specific groupings, either of
ionic nature or that are capable of ionic reactions.

This

framework, or matrix, consists of an irregular, macromolec
ular, three dimensional network of hydrocarbon chains.

The

3

framework may consist of a cross-linked polystyrene, a
natural product such as cellulose, or a more stable mater

ial such as a fluorinated polymer.
can be

-so-3

in cation resins; or
-NH

-coo

The attached groupings

-P03

-As03

+

3

in anion resins.

2. Preparation of Ion Exchange Resins. The preparatioJ l 5)
of an ion exchange resin must yield a three dimensional
framework, upon which are attached fixed ionic groups.

There are two general methods of preparation of ion exchange
resins.

The first method consists of forming an insoluble

resin framwork and then treating it to attach a desired
grouping.

The second method consists of polymerizing or

copolymerizing a mixture of monomers, one of which contains

a desired grouping.

Thus both the framwork and the desired

grouping are formed simultaneously.

J.

Ion Exchange Membranes.

The term "ion exchange mem-

brane" has a broad meaning in that it is applied to any

material that can be used as a separating wall between two
solutions.

However, in this investigation, ion exchange

membranes will be considered as ion exchange resins in the
form of thin sheets.

4.

Preparation of Ion Exchange Membranes.

The commercial

preparation of ion exchange membranes has existed for only

4

about eleven years.

Preparation of membranes having high

mechanical stability, large surface areas, and long useful
life has proven to be extremely difficult.

Accordingly,

the manufacturers of commercial membranes have kept secret
many of the details of preparation of the membranes.

For

this reason, the following descriptions of membrane prepa
ration are general in nature.

Homogeneous membranes (l9) are intimate molecul ar blends

of linear film forming polymers for the matrix structure and
electrolytes for the exchange groups.

Homogeneous cation

and anion exchanger membranes can be prepared by condensa
tion of phenolsulfonic acid or its derivatives with
formaldehyde, and by condensation of polyethyleneimine and
epichlorohydrin.

The condensation is carried out on mercury

or acid-resistant plates, or by heating a precondensed
viscous reaction mixture between glass plates.

The result

ing membranes are strong acid or strong base membranes
(highly ionized).

The Asaki Chemical Company, Tokyo, Japan,

manufactures homogeneous membranes prepared from partially
prepolymerized styrene-divinyl-benzene mixtures.
To improve the mechanical strength of homogeneous
membranes, the polymerization may be conducted on support
ing wide mesh plastic fabrics.

The resulting membrane is

then called a reinforced homogeneous membrane.

Ionics,

Incorporated, Cambridge, Massachusetts, manufactures the

5

homogeneous membranes, Nepton CR-51 and CR-61 (cation
membrane) and AR-111 (anion membrane).
Heterogeneous (20) membranes are ion exchange resin
beads imbedded in an inert plastic matrix.

The resin to

matrix ratio is adjusted so that the majority of the resin
beads are in contact with each other.

The matrix or binder

material may be synthetic rubber, polyethylene, polymeth
acrylates, polystyrene or phenolic resins.
According to Helfferich, (2 o) "heterogeneous membranes
can be prepared by rolling collo idal ion
exchanger materials into an inert plastic foil
under pressure and, if necessary, at an elevated
temperature... Thermoplastic resi ns can be mixed
in powder form with the ion exchanger; the
mixture is then compressed or rolled to give
membranes... In another procedure, the binder is
dissolved in a suitable s olvent, the colloidal
ion exchanger is suspended in the viscous solu
tion, the solvent is removed by evaporation, and
the remaining mass is compressed ... Finally,
colloidal ion-exchanger particles can be com
pressed to give a porous disk; the disk is
immersed under vacuum in, say, styrene; when the
vacuum is removed, the atmospheric pressure
forces the styrene into the disk where it is
subsequently polymerized. The surfaces of such
membranes must be ground to provide free access
to the ion exchanger material... "
The Permutit Co., Ltd., England, manufactures the
heterogeneous membranes, Permaplex A-1 0 and Ionac MAJ148
(anion membranes) and Permaplex C-1 0 and Ionac MCJ142
(cation membranes).

Interpolymer membranes are thin sheets of intertwined
linear molecules. According to Helfferich, (2l) "The films
are obtained by evaporation of a solution con
taining a linear polyelectrolyte and a linear
inert polymer. The films are insoluble in water

6

or aqueous solutions, even though no crosslinking
has occurred. Apparently the chains of the water
soluble polyelectrolyte and the water-insoluble
inert polymer are so intricately intertwined with
one another that the hydrophilic polyelectrolyte
carmot be leached out. The following polymers
have been used: dynel ( copolymer of vinylchloride
and acrylonitrile ) as the inert polymer, polysty
renesulfonic acid for strong-acid membranes, a
copolymer of maleic-acid anhydride and vinylmeth
ylether for weak acid membranes, and polyvinyl
imidazol quaternized with methyliodide for strong
base membranes. The solvent must dissolve the
hydrophilic polyelectrolyte as well as the
hydrophobic inert polymer. Dimethylformamide and
dimethylsulfoxide can be used."
Nalfilm membranes, manufactured by the National
Aluminate Corporation, Chicago, Illinois, are interpolymer
membranes.
Graft-copolymer (2l) membranes are films upon which an
ion exchange material is grafted by exposure to gamma radi
ation.

The film or base material is usually polyethylene.

The polyethylene is impregnated with styrene or a styrene
divinylbenzene mixture.

Upon gamma irradiation by a

cobalt-60 source, the styrene or styrene-divinylbenzene is
grafted to the polyethylene base.

Sulfonation of the

resulting copolymer yields strong acid cation membranes and
chloromethylation followed by quaternization or amination
yields strong base and weak base membranes.

AMFion A-60,

membranes ) and C-60, C-103, C-lOJC,

A-104, and A-104B

( anion

and C-JlJ

membranes) manufactured by the American

( cation

Machine and Foundry Company, Springdale, Connecticut, are
membranes of the graft-copolymer type.
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B.
1.

Gamma Rays and Their Interaction with Matter

Gamma Rays.

Gamma rays(J

B)(lJ)

are el ectromagnetic

waves simil ar to x-rays, except that they are of nucl ear
origin.

The rays are not affected by electric or magnetic

fields, are highl y penetrating, and are of short wave
8 to 10-11 centimeters. The nuclear
length usuall y 10origin of gamma rays may be radioactive decay, fissioning,
neutron capture, or the neutron inelastic scattering process
In each process, gamma rays are given off by the nucleus
when i t undergoes transition from a higher-energy to a
lower-energy

state.

as photons.

The energy of the photon is equal to the dif

The energy of the gamma ray is emitted

ference in energy between the two energy states involved in
the nuclear transition.
measured in Mev

This energy difference is usually

(million

electron volts ) and ranges between
The photon energy can be related to

one tenth and ten Mev.

the w ave length by the expression:
1.24 X 10-lO
E (in Mev)
2.

=

wave length

( in

cm).

Interaction of Gamma Rays with Matter.

(3)

There are three

basic ways in which gamma rays interact with matter.

They

are

(c)

(a )

Photoelectric effect, (b ) Compton effect, and

Pair production.

a. Photoelectric effect.(J 9) A gamma photon which has
an energy greater than the binding energy of an
orbital electron of an atom will interact with the

8

orbital electron in such a way that the entire pho
ton energy is transferred to the electron.

As a

result, the orbital electron is ejected from the
atom and is referred to as a photoelectron.

The

photoelectron has a kinetic energy equal to the
difference between the photon energy and the elec
tron binding energy.

The probability of photo

electric interaction is dependent on the gamma
radiation energy (E) and the atomic number (Z) of
the absorbing material.

The following equation is

a rough approximation of the probability of inter
action:
Probability of
Zn .
=
constant
x
photoelectric interaction
3
E
The "n" power varies from three for low energy
gamma rays to five for high energy gamma rays.

In

actual practice, the photoelectric effect is signi
ficant for gamma rays with energies less than one
Mev and for the absorbers of high atomic number (Z).
b. Compton effect. (J9) In the Compton effect, a gamma
photon makes an elastic collision with an outer

electron of an atom of the absorbing material.

The

electrons can be considered as free electrons under

the condition that the gamma photon energy is large
compared to the electron binding energy.

Both

9
momentum and kinetic energy are conserved.

The

photon is deflected or scattered from its original
path and the electron acquires part of the photon's
original energy.
The relation between the energy (E) of the gamma

1
photon, (E
) energy of the scattered photon, both

in Mev, and the angle of scatter

e, is given by

0.51
E(l-cos e) + 0.5 1

( 5)

1
over Eis the fraction of the initial
The term E

gamma photon energy carried away by the scattered
photon.

The probability of occurrence of the

Compton effect is dependent on the number of
orbital electrons or atomic number (Z) of the
absorber and the energy (E) of the photon.

A

rough approximation of the probability is:
Probability of
_ cons tant x Z
E
Compton Interaction -

(6)

This process only decreases the energy of the pho
ton and causes the photon t o be scattered.

Howeve�

as the photon energy is decreased, the probability
of an eventual photoelectri c effect absorption
increases.

c. Pair production. (4o) When a gamma photon passes
through the strong electrical field near a nucleus,
the photon may disappear with the formation of a

10

positron and electron pair.

The energy of the pho

ton goes into the rest-mass energy and the kinetic
energy of the produced pair.

Since the energy

equivalent of the mass of the positron-electron
pair is 1.02 Mev, the minimum photon energy neces
sary for pair production is therefore 1.02 Mev.
Photon energy in excess of 1.02 Mev appears mainly
as kinetic energy of the pair.

The probability of

pair production is:
2
Probability of = constant x Zx
p air Production
(E-1.O2),

(7)

where Z is the atomic number of the absorber and E
the energy of the gamma photon.

The probability of

pair production increases with higher gamma energy.
At gamma energies higher than five Mev, pair
production becomes the dominate type of gamma
Like the photoelectric effect, pair

interaction.

production results in the complete absorption of

3.

the gamma photon.

4
Absorption of Gamma Rays. ( o)( 3o) As a narrow beam of

collimated gamma photons passes through a medium, t he

interactions as discussed above cause a decrease in the
number of original photons remaining in the beam.

This

decrease is proportional to the thickness of the absorber
traversed. Mathematically this decrease can be expressed
as I=I e -ux • Where I is the incident intensity, e is the
0

0
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natural logarithm base, and u is the fractional decrease in
beam intensity per unit thickness penetrated (linear
absorption coefficient).

Thus, although the amount of

radiation absorbed by a specific material is proportional
to the intensity, the fraction of the radiation absorbed is
independent of the intensity.

Theoretically, the equation

also shows that an infinite thickness of absorber is re
quired to completely absorb gamma radiation.
4. Absorption Coefficients. (l4) The linear absorption
coefficient may be evaluated by measuring the intensity of
a narrow collimated beam of monoenergetic gamma rays before
and after passage through a known thickness of absorber.
The coefficient thus measured will be the total coefficient
and is the summation of the contributions of the photoelec
tric effect, the Compton effect, and pair production.

Since

each of these interaction processes is energy dependent,
the linear absorption coefficient will vary with the energy
of the incident gamma ray.

The linear absorption coeffi

cient also varies over a wide range for different absorbers
If the linear absorption coefficient of an absorber for a
specified gamma energy is divided by the absorber density,
the resulting ratio (mass absorption coefficient) is
approximately constant for most materials.

This fact may

be used for the estimation of absorption coefficients when
appropriate data is not obtainable.

12

5.

Dosage Units.

The end result of the absorption of

gamma rays is the production of energetic electrons in
matter, with the net effect of ionization and excitation of
materials.

Since a quantity of radiation cannot be measur

ed directly, the ionization produced by the passage of the
radiation is measured.

Several units are used to designate

a measured quantity of radiation.

The units most commonly

used are the roentgen, rep, rad, and rem.

The roentgen is

a measure of ionization in air due to x - or gamma radiation;
the rep (roentgen equivalent physical) is a measure of radi
ation in human tissue; the rad measures the energy absorbed
by radiation in any material; and the rem (roentgen equiva
lent mammal) relates the effectiveness of the different
radiations, in producing biological damage, to the quantity
of radiation.

Table I lists the general characteristics of

unit measurements of ionizing radiation.
tnis investigation was the roentgen.

The unit used in

13

TABLE

I

GENERAL CHARACTERISTICS OF UNIT MEA SUREMENTS
OF IONIZING RADIATION a
Unit

Energy
Absorption
(ergs per gram)

Measured
In

Radiation
Measured

General
Use

Roentgen

83

Air

X - or gamma

Monitoring
and
physical
research

Rep

93

Soft
tissue

P articulate

Biological
research

R ad

100

Any
material

All types

Biological
and
physical
research

All types

Personnel
records

Rem

a. Extracted from "Atomic R adiation" RCA Service Company.
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6.

High Radiation Measurements.

Conventional instruments

such as the Geiger Mueller counter, scintillation counter
and the proportional counter do not have the capacity for
measuring rates or amounts of high levels of gamma radia
tion.

A large number of dosimetry systems have therefore

been devel oped, ranging in variety from chemical systems to
Harmer (l6) and Schall (42)

microbial monitoring systems.

have listed over fifty dosimetry systems with their- charac
teristics.

Of this number, only seven systems have gained

wide-spread use:

They are the Fricke, copper-modified

ferrous sulfate, eerie sulfate, methylene blue dye, chloro
form dye, dyed plastic film and the cellophane-dye
dosimeters.

The chemical dosimeter which has undergone the

greatest amount of research e ffort and has the greatest
research acceptance is the Fricke dosimeter.
The Fricke dosimeter (4l ) (l2) (l6) has an accuracy of
±2% for a total-dose range up to approximately 7 x 104 rads
and a dose-rate range up to 10

rad per hour. The dosimeter

consists of an air saturated solution of 0.001 M iron
sulfate, 0.4 M sulfuric acid and 0.001 M sodium chloride.

During irradiation by gamma and beta radiation, Fe
are oxidized to Fe

+++

ions.

The change 1·n Fe

++

++

- Fe

ions

+++

concentrations is determined by an ultraviolet spectropho
tometer at a wave length of 305 mu.

Advantages of the

Fricke dosimeter are good accuracy, well established cali
bration methods, ease of routine analysis, long shelf life

15

of dosimeter solutions, direct analysis without further
treatment, permanency of change in system, and independence
of the dose rate of radiation.

Disadvantages are the strong

influences of small amounts of certain impurities, exposure
to ordinary light, required aeration of solutions, tempera
ture dependency, and limited range.
Effect of Gamma Rays on Compounds
Effect of Radiation on Chemical Bonds. (l) When radiation
C.

1.

passes through matter, energy is given up to the matter by
eac..h of the three methods previously discussed.

The absorp-

tion of this energy by matter results in chemical constitu
tion and physical property changes.

The manner in which

radiation affects a compound depends upon the type of bond
holding the atoms together.
In covalent compounds, the atoms are held together in
molecules by strong exchange forces and the molecules are
held together by weak forces of the van der Waals type.
Covalent compounds include the common gases, liquids, and
organic materials.

In these compounds, the energy required

to ionize a molecule is greater than that required to break
a bond within the molecule.

As a result, all covalent

compounds are effected by ionizing radiation with the
resultant breaking up of the molecules and the formation of
free radicals or atoms.
I n ionic compounds, there is a lattice of ions held
together by electrostatic forces.

Ionic compounds include

high-melting salts and oxides.

Ionizing radiation will

eject electrons from the ions, resulting in the temporary
formation of entities such as neutral Cl and doubly charged
K

++

in crystals of KCl.

Since the surrounding lattice is

unaffected, the neutral or positively charged atom will not
move and will eventually recombine with a free electron.
Formation of color centers occurs when free electrons are
trapped at imperfections in the lattice.

As a result

despite coloration, the general physical or chemical prop
erties of ionic compounds are relatively unaffected by
radiation.
2.

Effect

of Radiation on Organic Compounds. (2) Organic

reactions caused by radiation result in a vast variety of
products.

Back reactions are negligible, but the number of

possible csmbinations of the produced free radicals or
atoms is essentially limitless.
The main types of reactions caused by radiation are
(1) condensation to large molecules; (2) degradation to
smaller molecules; (3) hydrogenation; and (4) dehydrogena
tion.

Compounds of high molecular weight are found, but

gases of low molecular weight are also formed.

Hydrogen is

one of the most prominent products, but original unsaturat
ed compounds may be hydrogenated.

All hydrocarbons after

extensive radiation will form a petroleum-like mixture.
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The predominate reaction of hydrocarbons containing
double bonds appears to be polymerization with secondary
reactions of dehydrogenation and cracking.

Saturated

hydrocarbons produce large amounts of gases (especially
hydrogen) and unsaturated compounds.

The unsaturated

compounds then condense to form high molecular weight
products.

Aromatic compounds produce small amounts of

gases and their predominant reaction is condensation.

The

compounds formed by the condensation are not clean polymers
but are complex mixtures having an average composition
slightly different from that of the original material.
Aldehydes, alcohols, ketones and halogenated compounds
react in as complicated a manner as the hydrocarbons.

High

molecular weight products are always present.
J.

Effect of Radiation on water and Aqueous Solutions�J)( 26)

The effect of radiation on water is the decomposition of the

water.

This radiation decomposition is the most thoroughly

studied of all the radiation-chemical reactions.

However

despite its apparent simplicity, many complications are
present and much information is yet to be determined.
The initial step in the decomposition of water is the
formation of hydrogen and hydrogen peroxide.
2 H20 = H2 + H2o2
Upon irradiation the hydrogen peroxide decomposes into

( 8)

oxygen and water.
( 9)
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The rates of formation and decomposition of hydrogen
peroxide come to equilibrium, with no further change in
composition.

The overall reaction is thus the decomposi

tion of water into hydrogen and oxygen:
(10)
Aqueous solutions demonstrate high reactivity to radi
ation, but it is the solutes which react rather than the
water.

Radiation will oxidize any oxidizable material in

water and reduce any reducible material in water.

It is

believed that all the radiation energy absorbed by the
water solvent is made available in some manner for reaction
of the solutes. One explanation is that radiation forms
"activated water" which possesses a lifetime that i s long
enough to react with the solute.

Activated water is gen

ally believed to consist of the free radicals, H and OH.
The reaction mechanism is as follows:
H o Radiation H 0
2
2

+

+ e

(11)
(12)

e

+ HO
=OH
2

+ H

(lJ)

Since theOH radical is a good oxidizing agent and th e
H atom is a good reducing agent, OH and H will react with
any oxidizable or reducible solute in the water.
2
4. Effect of Radiation on Solids. ( ?)( 4) The effect of
radiation on solids has not been extensively studied.
ever, some general effects can be discussed.

How

Irradiation
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of organic solids (usually polymers) results in changes
such as cross-linking, degradation, and loss of mechanical
properties.

These changes are usually independent of the

dose rate of radiation but are dependent upon the total
Metals, alloys, and semi-conductors suffer little

dose.

damage upon irradiation.

Irradiation of inorganic crystals

results in the production of color centers and liberation
of gases.

5.

Effects of Radiation on Ion Exchange Resins.

The

effects of radiation on ion exchange resins have been
extensively studied.
Blanco (?) reported that Dowex 5 0 W resin which had
received a radiation dose of 11. 9 watt-hr/dry gram (z 5.20
x 109 roentgens) during the processing of 1 0 ,0 0 0 curies of
promenthium-147 was found to suffer an ion exchange capacity
loss f rom the original value of 4.1 meq/gm to J.67 meq/gm.
Moisture content of the irradiated resin rose from the
original 4J% to 72%.

Higgins (2B) reported that Dowex 50 resin exposed to

gamma radiation from a co 60 source lost 10% to 15% of its

ion exchange capacity per watt-hr/gram (� 4.34 x 10 8 roent
gens).

The mechanism of the radiation damage was believed

to be hydrolysis of the sulfonate g roups of the resin to

.

give free so4 =
Tests also indicated that phenolic cation
exchangers lost capacity by a factor of 2 or J slower than
the styrene resins.
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Oak Ridge National Laboratory (34) found that Dowex 50w
x-12

( 100

to 200 mesh) irradiated to 12.5 watt-hr/gram

(z 5.42 x 10 9 roentgens ) had an increase in water content

from the original value of � 40 % to z- 70%.

This moisture

increase corresponded to a decrease in crosslinking from
12,% to z 4%.

Lee (B) reported that the water content of Dowex 50W

x-12

( 100-200

gram

(z

68. 4%.

mesh) resin upon irradiation of 12.4 watt-hr/

5.38 x 10 9 roentgens), increased from
Irradiation of 13.1 watt-hr/gram

roentgens) increased water content from

(z
33.1

3 1.6%

to

5.6 x 10 9

.% to 73 .5%.

Nater (33) has performed extensive investigationson
irradiation effects on ion exchange resins.
results are listed in Table II.

Some of his
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TABLE II
CHARACTERIS TIC S OF IRRADIATED IONEXCHANGERS
Sample
IMAC

C-12

( 8% D. V. B. ) *

gose
10 rad .

Capacity After
Irradiation

Damage

0.0
6.J

5.0
4.6
J.9
4.4

0.0
7.0
20.0
12.4
J0.0

4.6
4.2
2.6

0.0
J.7
4J.0

6.5

12.1
19.5
IMAC

C 12

( 2% D. V • B • ) �-

o.o

5.7
19.5

o.o

Dusarit

6.J
1 4.1
0.0

6 .5

19.1
Amberlite

401

0.0
5.7

6. 5

11.J
IMAC S-4

0.0
5.7

6. 5

11.J
Stamex S
Permutit

o.o

5.7
Higher dosages
0.0
19.J
0.0
12.1

J.5

1.?at
1. 4at
1.4 at
J.8 at
J.4 at
J.7at

pH?
pH?
pH?
pHll
pHll
pHll

2.15

1.45
1.20
0.57

1.50
0.?J
0.4J
0.14
1.6
0.0

2.5
2.5

J.8
J.8

*D.V.B. is the abbreviation for Divinylbenzene

o.o

o.o

J2.5

45.0
74.0

o.o

50.0
?J.0
86.0

o.o

100 .0
100.0

o.o
o.o

0.0
0.0
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IMAC C-12, sulfonated polystyrene with 8% D.V.B. and
IMAC C-12 sulfonated polystyrene with 2% D.V.B. are Dutch
equivalents of Dowex 50 or Amberlite IRC 120.
an oxidized and sulphonated coal.

Dusarit S is

It is a polyfunctional

exchanger so that the capacity depends on pH.

Amberlite
IMAC S-4

IRA 401 is a quarternary amine polystyrene resin.

is a Dutch strong anion exchanger of the quarternary amine
type.

Stamex-S is a strong anion exchanger and is a trian

isole sulphonium-formaldehyde resin.

Permutit G, a zeolite

and manganese dioxide are inorganic exchangers.

Additional

reports on the effects of radiation on ion exchange resins
are available. (J ? ) (lO) (ll)
6.

Effects of Radiation .on Ion Exchange Membranes.

Mason

and Parsi (Jl) have reported the effects of gamma radiation
from a co 60 source on Nepton CR61 and ARlll membranes.

The

ARlll membranes was also exposed to high energy electrons
produced by a particle accelerator.

Both membranes were

in a solution of nitric acid and aluminum nitrate.

With

both types of radiation, the useful life of the membranes

appeared to be greater than 3 x 10 8 roentgens.

Samples

exposed to this amount of radiation lost 25-50% of original
ion exchange capacity and had doubled in electrical resis
tance.

Samples were still physically satisfactory for use

in electrodialysis cells.

After dosages of 6 x 10 8 roent

gen, samples had suffered continued loss of capacity and
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and increased e lectrical resistance, however the membranes
had become too stiff and brittle for electrodialysis use.
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III
A.

EXPERIMENTAL

Purpose of Investigation

The purpose of this investigation was to determine the
effects of gamma radiation on ion exchange membranes.

Six

ion exchange membranes were chosen for investigation, three
of which were cation exchangers and three were anion
exchangers.

Samples of each membrane were irradiated to

three different irradiation dosages.
formed on the various membranes.

Six tests were per

The data from the tests

were tabulated so that a direct comparison could be made as
to the effect of the radiation on the membranes.
B.

Plan of Experimentation

The membranBs used for this investigation were commer
cially available membranes.

They were: (1) Nepton CR-61

cation (four ounce dynel backing) membrane and Nepton
AR-111-A anion membrane (four ounce dynel backing) manufac
tured by Ionics, Inc., Cambridge, Massachusetts, (2) Ionac
MC 3142 cation membrane and Ionac MA 3148 anion membrane,
manufactured by Pfaudler Permutit, Inc., Birmingham, New
Jersey, and (3) AMFion C-60 cation membrane and AMFion A-60
anion membrane, manufactured by American Machine & Foundry
Company, Springdale, Connecticut.

Nepton CR-61 cation membrane. (29> This membrane is a

strong acid, homogeneous, reinforced type membrane.

The
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membrane is a sulfonated vinyl-divinyl benzene copolymer
and the reinforcing material is dynel fabric.
Nepton AR-111-A anion membrane. (29) This membrane is a
strong base, homogeneous, reinforced type membrane.

The

membrane is a mixture of strongly and weakly basic amines
and the reinforcing material is dynel fabric.
Ionac MC 3142 cation membrane. (J6 ) This membrane is a
strongly ionized heterogeneous type membrane.

The membrane

is a mixture of sulfonated copolymers of styrene and divinyl
benzene with a fabric reinforcement.

Ionac MA 31J4 anion membrane_(J6) This membrane is a

strongly ionized heterogeneous type membrane.

The membrane

is an aminated copolymer of styrene and divinyl benzene
with a fabric reinforcement.

AMFion C-60 cation membrane. (5) This membrane is a

strong acid graft-copolymer type membrane.

The membrane

contains sulfonic acid group s and has a polyethylene base.
AMFion A-60 anion membrane. (5) This membrane is a

strong base graft-copolymer type membrane.

The membrane con

tains quarternary ammonium groups and has a polyethylene base
Samples of each of the above membranes were i rradiated
to three different dosages of gamma rays.
are found in Table III.

Measured dosages

The non-irradiated samples were

used f or control, as a basis of comparison for the irradiated samples.
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III

TABLE

MEASURED GAMMA IRRADIATION DOSAGES OF SAMPLE MEMBRANES
Mem brane

Dose Roentgens

Nepton CR-61

0

Nepton AR-111-A

0

Ionac MC 3142

0

Ionac MA 3134

0

AMFion C-60

0

AMFion A-60

0

10 6
1.2 X 10 6
1.2 X 10 6

l.OxlO?

1.3

X

10

l.OxlO?

1.3

X

10

1.2

X

1.2

1.0 xlO?

1.1

X

1.2

X

10 6
1.5 X 10 6
1.5 xlO6
X

l.OxlO?
l.OxlO?
1.0

X

10 ?

8
8

10 8
1.2 X 10 8
1.1 X 10 8
10

8

Six tests were performed on the irradiated and non
irradiated membrane samples.

The tests were (1) total ion

exchange capacity, (2) electrical resistance, (J) bursting
strength, (4) tensile strength, (5) water content, and (6)

wet and dry surface densities.
The results of these tests were compared to determine
the effect of radiation on the membranes.
C.

Materials

The materials used in this investigation, their speci
fications, the manufacturer or supplier, and their uses are
listed.
Ferrous Sulfate.

(Feso4. ? H20); Granular, analyzed reagent,

meets A.C.S. specifications, J. T. Baker Chemical Company,
Phillipsburg, N. J.
solutions.

Used to prepare Frie� dosimeter
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Hydrochloric Acid,

Reagent, Meets A.C.S. specifications.

Assay (HCl) J?.O - J8%, Sp. Gr. 1.119, Allied Chemical Co.,
New York, New York.

Used to prepare standard acid solutions.

Membrane, Anion Exchange. Ionac MA Jl48, Pfaudler Permutit
Inc., Birmingham, New Jersey.

Used as subject of investiga

tion.
Nepton AR-111-A, 4ozdynel back

Membrane, Anion Exchange.

ing, Ionics, Inc., Cambridge, Massachusetts.
subject of investigation.

Used as

AMFion A-60, American Machine &

Membrane, Anion Exchange.

Foundry Co., Springdale, Connecticut.

Used as subject of

investigation.
Membrane, Cation Exchange.
Inc., Birmingham, N. J.

Ionac M C Jl42, Pfaudler Permutit

Used as subject of investigation.

Membrane, Cation Exchange.

Nepton CR-61, 4 ozdynel backing,

Ionics Inc., Cambridge, Massachusetts.
investigation.
Membrane, Cation Exchange.

Used as subject of

AMFion C-60, American Machine &

Foundry Co., Springdale, Connecticut.

Used as subject of

investigation.
Oxalic Acid.

Analytical reagent, meets A.C.S. specifica

tions, Mallinckrodt Chemical Works, St. Louis, Missouri.
Used as primary standard.
Paper, Analytical Filter.

No. 589, white ribbon, Schlei

cher and Schuell Co., Inc., New York, New York.

Used to
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blot excess surface moisture from ion exchange membranes in
water content measurements.
Reagent, meets A.C.S. specifications,

Phenolphthalein.

Merck and Co., Rahway, New Jersey.
Phosphorous Pentoxide.

Used as indicator.

(phosphoric Anhydride), Cat. No.

A-244 F.W. 141.95, Fisher Laboratory Chemical, Fisher
Scientific Co., St. Louis, Missouri.

Used as a desiccant

to dry ion exchange membranes.
Crystal, Reagent grade, meets A.C.S.

Potassium Chloride.

specifications, General Chemical Division, Allied Chemical
& Dye Corporation, New York, New York.

Used to prepare

0.15N KCl so lution for electrolytic resistance measurements.
Sodium Chloride.

Crystal, Reagent, A.C.S.

Assay (NaCl)

Min. 99.5%, Baker and Adamson, General Chemical Division,
Allied Chemical & Dye Corporation, New York, New York.
Used to prepare Fricke dosimeter solutions.
Sodium Hydroxide.

Reagent grade, minimum assay 97.0% NaOH,

General Chemical Division, Allied Chemical Co., New York,
New York.

Used to prepared standard basic solutions.

Sulfuric Acid.

Reagent, meets A.C.S. specifications, assay

95.5 - 96.5 H so , General Chemical Division, Allied
2 4
Chemical Co., New York, New York. Used to prepare Fricke
dosimeter solutions.
Water, Distilled.

Obtained from distilled water tap,

Instrumental Chemical .Analysis Laboratory, Room 302, Chemical
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Engineering Building, Missouri School of Mines&Metallurgy,
Rolla, Missouri.

Used to prepare aqueous solutions.
D.

Apparatus

The apparatus used in this investigation, the specifi
cations, the manufacturer or supplier, and the use of the
apparatus are given.
Balance.

Analytical, type LCB, No. 11224, MSM property No.

13297, 0-100 grams, Wm. Ainsworth & Sons, Inc., Denver,
Colorado.

Used to make weight determinations.

Capacity Box.

Model DK 2A, Serial No. 13676, MSM No. 12777,

Industrial Instruments, Inc., Jersey City, New Jersey.

Used

to correct phase difference in the bridge arms of the con
ductivity bridge.
Centrifuge International Chemical.

Model CL, No. 50204H,

International Equipment Co., Boston, Massachusetts.

Used

to centrifuge water medium of ion exchange membranes after
irradiation to detect eroded matter.
Conductivity Bridge.

Model RCJ.6, Serial No. 2933, MSM

No. 12776, Industrial Instruments, Inc., Jersey City, New
Jersey.

Used to measure resistance of electrolytic resis

tance cell.
Dosimeter.

No. 22154, Pocket type, Victoreen Instrument

Co., Cleveland, Ohio.

Used to measure radiation received

by investigator.
Electrolytic Resistance Cell.
Engineering

Constructed in Chemical

Department Shop, Missouri School of Mines &

JO
Metallurgy, Rolla, Missouri to specifications as contained
in Nalco Reprint No. 77, "Some Recent Advanced in Dialysis
Films," National Aluminate Corporation, Chicago, Illinois.
Used to measure electrical resistance of ion exchange
membranes.
An assortment of standard laboratory glassware

Glassware.
was used.

Obtained from Chemical Engineering Department

Stockrooms, Missouri School of Mines & Metallurgy, Rolla,
Missouri.
Microscope.

Spencer, Serial No. 164899, MSM No. 13261,

A. J. Griner Co., Kansas City, Missouri.

Used to detect

visual changes in ion exchange membranes.
Mullen Tester.

Style B, No. 543, Range 5-200 psi, B. F.

Perkins & Sons, Inc.

Used to determine bursting strength

of ion exchange membranes.
Spectrophotometer.

Model Beckman DK2.

National Technical

Laboratories, South Pasadena, California.

Used to deter

mine optical densities of Fricke dosimeter solutions.
Spectrophotometer, Quartz.
3337, MSM No. 12766.

Model Beckman DU, Serial No.

National Technical Laboratories,

South Pasadena, California.

Used to determine optical

densities of Frickedosimeter solutions.
Stopwatch.
11.

Gallet, (Swiss) 0.2 seconds, MSM No. Chem. Lab.

Used to time Fricke dosimeter exposures.

Syringe Tuberculin and Needle.

No. LYT, lee., B-D Yale,

Bec ton, Dickinson and Co., Rutherford, N. J.

Used to fill
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electrolytic resistance cell.
Tensile Tester.

Range 0-90 and 0-200 lbs. AMTHOR Testing

Instrument Co., Brooklyn, New York.

Used to determine

tensile strength of ion exchange membranes.
Vacuum Pump,

Hy vac Cat

No. 91105, Serial No. 52853, MSM

Pl 2431, Central Scientific Co., Chicago, Illinois.

Used

to produce vacuum under which ion exchange membranes were
dried.
Vernier Caliper. Six inch, Central Scientific Company,
Cambridge, Massachusetts.

Used to measure dimensions of

sample membranes.
E.

Irradiation Facilities

The High Level Gamma Irradiation Facility (6) , Argonne
National Laboratory, Lemont, Illinois, was utilized for the

irradiation of membranes exposed to a dose of 108 roentgens.
The source of the gamma radiation for the facility is
spent reactor fuel elements from the Materials Testing
Reactor.

Twelve of these elements are placed in an irradi

ation rack located on the floor of a canal and covered by
24 feet of water to protect personnel from radiation.

The

water is maintained at a temperature of seventy-five degrees
Fahrenheit.

The rack is designed to provide 12 irradiation

sites in the s paces between the fuel elements.

Samples

located within the rack are rotated at 5.8 revolutions oer
minute to insure symmetrical exposure.
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Samples are sealed in thin-walled aluminum sample urns
to prevent their contact with the canal water.
A minimum gamma flux of one million roentgens per hour
is maintained at the interior irradiation sites of the
facility.

The important gamma energies range from 0.22 to

2. 5 Mev, with an average energy of about 0.7 5 Mev.

The

intensity of the source and the dosage received by samples
are measured periodically with a Fricke
dosimeter.

(ferrous

sulfate)

A change in the spectral characteristics of the

ferro us sulfate solution indicates the dosage it has receiv
ed.

The dosimeter is enclosed in a polystyrene container

when used in the facility.
The Nuclear Training Reactor, University of Missouri,
School of Mines & Metallurgy, Rolla, Missouri was utilized

for the irradiation of membranes exposed to doses of 10 6 and
10 7 roentgens. The training reactor (J 5) is a 10 k w swimming pool (modified BSR-type) reactor.

The reactor core

contains fuel elements each containing ten fuel plates
( MTR

type).

Each plate contains approximately 1 7 grams of

90% U-23 5 enriched uranium oxide.

The moderator, reflector

and coolant are light water.

The biological shield is 2 7

feet of water and concrete.

The irradiation site located

six inches away from the center of the north side of the
core receives approximately
the 10 kw power level.

6 .1

x 10 5 roentgens per hour at

'The intensity of the core and the

dosage received by samples were measured with a Fricke
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(ferrous sulfate) dosimeter .

Both the samples and the

dosimeter were enclosed in polystyrene containers to pre
vent their contact with the coolant water.
F.

Method of Procedure

The method of procedure for this investigation has
been divided into three general steps.

They are (1)

Preparation of Membrane Samples, (2) Irradiation of Samples
and (3) Testing of Sample Membranes.

Each general step has

been s ubdivided as necessary for complete presentation of
the procedure.

Unless otherwise specified, the steps of

the procedure are applicable for each of the six membranes.
1.

Preparation of Me�brane Samples.

Initially, all mem-

brane sheets were thoroughly washed with distilled water to
remove the protective coatings applied by the manufacturer.
The membrane sheets were then soaked in 0.15 N KCl overnight
to convert the cation membranes to the K
membranes to the Cl

form.

+

form and the anion

Samples were cut from the wet

membrane in a random distribution.

This was done to reduce

the possibility of non-uniformity of membrane manufacture
affecting all samples for a specific test.

The purpose,

number and size of test samples for the unirradiated and
each i rradiation dosage were as given in Table IV.
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TA BLE

IV

PURPOSE, NUMBER, AND SIZE OF MEMBRANE SAMPLES
Purpose

Number

Size-inches

Total capacity

4

2 X 2

Electrical resistance

4

Bursting strength

4

Tensile strength

2

Water content and
surface densities

1. 5

X

J

1.5

X J.

1.5

X 8

2 X 2

4

Measurements with the membranes as shipped by the man
ufacturer gave results which were not reproducible.

There

fore all samples were conditioned and aged for at least two
weeks. (2J) Conditioning of the membranes consisted of
carrying out at least five ion-exchange cycles.

Each cycle

consisted of an alternate treatment with 0.1 M NaOH and 0.1
M HCl.

Equilibrating time in each reagent was one day.

Between each treatment, the membranes were thoroughly
washed with distilled water.

After conditioning, reprodu

cible measurements were obtained.
The samples were then converted to the salt form by
soaking overnight in 0.15 M KCl solution.

After conversion

to the latter form, the samples were again washed with dis
tilled water and placed in a distilled water medium until
irradiatio n.
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2.

Irradiation of Membrane Samples.

Cation membrane and

anion membrane samples of the same type membrane were
placed in a polystyrene bottle.
distilled water.
paraffin.

The bottle was filled with

The cap was screwed on and sealed with

Both cation and anion membranes were placed

together to reproduce the condition where both membranes
are present in an electrodialysis unit.

However to avoid

possible interaction, membranes of different types were not
irradiated together in the same distilled water medium.
The polystyrene bottle containing the sample membranes was
then lowered by a cord to the irradiation position which
was at the center of the north face of the reactor core and
six inches away from the core.

Irradiation time was esti

mated by dividing the total dose desired by the irradiation
rate.

The actual time of irradiation was measured.

For

the 10 6 roentgen samples� dosimeter exposures of two minutes duration were made after zero, one, and two hours of

irradiation.

For the 10 7 roentgen samples, dosimeter

exposures of two minute durations were made after zero,
five, ten, fifteen, and twenty hours of irradiation.

After

irradiation, membrane sam ple bottles were radioactive.

The

bottles were then lowered again into the reactor pool and
allowed to remain submerged until the level of radioacti
vity had decayed to a negligible amount.

The 10

roentgen samples were sent to the High Level

Gamma Irradiation Facility for irradiation.

Irradiation
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procedure was as previously discussed under III. E.
Irradiation Facilities.
The Frie� ferrous sulfate dosimeter was prepared by
dissolving 0.4 grams of Feso4.?H o, 0.06 grams of NaCl, and
2
21 ml of concentrated H2so4 (95-96%) in sufficient distilled

water to make one liter of solution.

The solution was aer

ated by passing air from a compressed air source through the
solution.

The compressed air was filtered and dried by

passage through a drying tube, filled with calcium chloride
and absorbent cotton.

The solution was then placed in

polystyrene dosimeter bottles.

The bottles were sealed with

paraffin and placed in a dark location until used.
Upon use, two of the dosimeter bottles were placed in
a polystyrene container of the same size as that used for
the membrane samples.

The polystyrene container was then

filled with distilled water covered with a polystyrene cap
and sealed with paraffin.

The dosimeter container was then

placed in a position adjacent to the membrane bottle being
irradiated.

The dosimeter container remained in this posi

tion for two minutes.

After this period the dosimeter con

tainer was removed and stored in a dark location until
mea surement of the ferric ion concentrations was possible.
The ferric ion concentration, produced by the radia
tion, was determined by spectrophotometric analysis.

The

ferric ion has an absorption maximum at approximately 305
mu.

The absorbancy (optical density) of the irradiated

sample and an unirradiated sample were determined by use of
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a Beckman Model DU spectrophotometer equipped with a ther
mostated hydrogen lamp and quartz cells.

Detailed operating

instructions are available for the Beckman DU in the instruction manual provided with the instrument.

The dose rate is given by the formula (4l)
10 9
R(r/hr) = ebYt

(Asample-Ablank )

(14)

where Asample and Ablank

=

absorbancy ( optical density) of
irradiated and unirradiated
solutions, respectively.

e

=

Molar extinction coefficient,
2,17 4 liters/ ( mole)( cm) at
23.7 ° c.

y = ferrous sulfate yield, micro-

moles ( uM) of ferric ions per
liter per 1,000 r, taken as
15. 45.

b

=

sample thickness, cm, taken as
1 .000 cm.

t = irradiati on time, hr, taken as
2/60 hrs.
Equation

(1 4 )

may be reduced to the form:

R(r/hr) = (5.93

X

10 5 )(Asa mple-Ablan )
k

(15)

The dose rate was determined by equation (15) for each

of the two dosimeter containers in the dosimeter bottle.

The average of the two dose rates was taken to be the dose
rate received by the dosimeter bott le and the membrane
bottle being irradiated.
Total dose was determined by a veraging consecutive dose
rate determinations and multiplying the average dose rate
found by the time interval between determinations.

For
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example dosimeter determinations were made after zero, one

and two hour periods for the 10 6 roentgen irradiations.

Total dose was computed by averaging the zero and one hour
dose rates, multiplying the average by one hour, averaging
the one hour and two hour dose rates, multiplying by one
hour, and adding the two computed one hour doses to give
the total two hour dose.
J.

Testing of Sample Membranes.

The membrane samples were

removed from the irradiation bottles and thoroughly washed
in distilled water.

They were then visually inspected-for

changes in color, texture and configuration and viewed under
a microscope for structural changes such as pin holes,
crack s, or separations.

After inspection the samples were

placed in a 0.15 N KCl solution.

The distilled water medium

in which the samples were irradiated was also inspected for
color a nd solid material.

If the solution was either

colored or appeared to contain solid matter the distilled
water medium was centrifuged and any precipitated matter
removed.

The solid matter was then viewed under a micro

scope to determine its color and structure.
a. Total Ion Exchange Capacities. (22) Four samples
(two inch by two inch) of the cation membrane and

the anion membrane were taken from the KCl solution
and washed with distilled water.

The four cation

samples were placed in 0.1 M HCl and
stand overnight.

allowed to

The samples were then washed with
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distilled water and dried with filter paper.

The

samples were placed in a dry 250-ml Erlenmyer flask.
Exactly 200 ml of standard 0.1 M NaOH (standardized
against oxalic acid) was added.

After standing

overnight in the stoppered flask, 50 ml aliquots of
the supernatant solution were removed and back
titrated to a phenolphtalein end point with standard
0.1 M HCl.

The anion samples were treated in a

similar manner except that originally they were
converted to the OH

form, and then were placed in

200 ml of standard 0.1 M HCl.

The total capacity

was:
=meg of original solution-(4)(meg of aliquot) (l6)
Q
Dry weight of sample
The capacity based upon the dry weight of unirradi
ated membrane sample was found by substituting the
dry weight of four unirradiated or blank samples.
The capacity based upon the irradiated dry weight
was found by substituting the dry weight of four
irradiated samples.
The capacity determinations were repeated at least
once to confirm reproducibility of results.
b. Electrical Resistance. (2S) The electrical resistance
sample having been converted to the salt form by
sitting in 0.15 M KCl was placed between the two
halves of an electrolytic resistance cell. (32) The
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two halves were then bolted together and filled
with 0,15 N KCl.

The exposed electrode area of the

cell was two square centimeters and the distance
between the electrodes was 1.4 centimeters.

The

electrolytic cell was connected to a conductivity
bridge and a capacity box.

The resistance of the

cell was measured by balancing the bridge arms of
the conductivity bridge, using the capacity box to
correct for phase differences in the bridge arms.
Measurements with the electrodes located in the
solution on both sides of the membrane gave the
total resistance RT of the cell. This resistance
was the sum of the solution resistance RS and the
membrane resistance.

The solution resistance was

determined by a blank measurement.

The blank meas

urement consisted of replacing the membrane sample
by a membrane gasket, refilling the cell halves and
measuring the resistance.

A membrane gasket was

used to maintain the electrode separation of 1.4
centimeters.

The electrical resistance in the

commonly reported dimensions of.O. cm 2 was found by

(17)
where A is the area of exposed electrodes (2.0 cm 2),
RT is the total cell resistance (_[)..) and RS is the
solution resistance (.n. ).
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c. Bursting Strength.

The standard method of test for

bursting strength of paper, ASTM Designation: D77446 was used.

The testing instrument was a Mullen

tester, Style B No. 543, manufactured by B. F.
Perkins and Sons, Inc.

The bursting strength sam

ples were removed from the 0.15 M KCl solution
after being converted to the salt form.

Samples

were washed with distilled water and placed in
distilled water until testing.

The testing proce

dure consisted of placing the wet sample over a
rubber diaphram of 1.2 inches diameter and clamping
in position.

A motor driven piston then pumped

glycerin into a cylinder connected to the rubber
diaphram at the rate of 75 ml a minute.

The rubber

diaphram expanded and exerted pressure on the clamp.
ed membrane until the membrane broke.

A maximum

reading pressure gage (0-200 psi) recorded the
pressure at which the membrane broke in pounds per
square inch.
d. Tensile Strength.

The standard method of test for

tensile breaking strength of paper and paperboard,
ASTM Designation: D828-60 was used.

The testing

instrument was a AMTHOR Tensile Tester, m�ufac
tured by Testing Instruments Co.

The instrument

was a motor driven pendulum type tester with ranges
of 0-90 and 0-200 pounds.

The tensile strength
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samples were removed from the 0.15 N KCl solution
after being converted to the salt form.

Samples

were washed with distilled water and placed in dis
tilled water until testing.

The testing procedure

consisted of cutting the wet samples to a size of
one inch in width and eight inches in length.

The

wet sample was then clamped between the two jaws of
the instrument.

The jaw separation after the sample

was clamped in position was

J.5 inches.

The instru

ment was turned on and as the pendulum was lifted,
the jaws separated and applied a tensile stress to
the membrane strip.

The jaw separation speed was

twelve inches a minute.

As the pendulum lifted, its

position was designated by a pawl ratchet device.
When the sample broke, the position as marked by the

pawls indicated the maximum tensile stress applied
at the time of breakage.

Tensile strength was then

given as the tensile stress per width of sample
(lbs per inch of width).
e. Water Content. (24) The water content samples were
removed from the 0.15 N KCl solution and washed with
distilled water.

They were then placed in distilled

water overnight.

The samples were removed from the

distilled water and the surface liquid was removed
by blotting the sample with filter paper.

The

weight of the wet sample in a stoppered weighing
bottle was then determined using an analytical
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balance.

The sample was then dried at room temper

ature over phosphorous pentoxide desiccant and
under a vacuum of 0.0003 millimeters of mercury.
The drying was conducted at room temperature due to
degradation of the membranes at elevated tempera
tures.

After drying, the membranes were removed

from the desiccator and the weight of the dry sample
in a stoppered weighing bottle was determined using
an analytical balance.

Since ion exchangers hold

the l ast traces of water very obstinately, all sam
ples were dried until constant dry weights had been
attained.

The difference between the wet weight and

the dry weight, divided by the wet weight gave the
water content on a wet basis.
f. Wet and Dry Surface Densities.

Surface density is

defined as the weight of a material divided by the
area of the material.
area.

Units are weight per unit

Two surface densities were found for each

membrane at the four different irradiation dosages.
The two surface densities were wet surface density
and dry surface density.

Wet surface density was

determined by dividing the wet weight of a sample
as found in the water content test by the area of
the wet sample.

The dry surface density was deter

mined by dividing the dry weight of a sample as
found in the water content test by the area of the

dried sample.
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4.

Data and Results.

The data and results obtained by

this investigation for each membrane have been grouped
according to the observation or test performed on the
membrane, and are presented under those headings.
Visual Observations of Irradiated Membranes and
Their Water Media.

The following effects were noted by

visual o-bservation of irradiated membranes and their
water medium.

Results for zero irradiation are given as

a basis of comparison for the irradiated samples.
Irradiation of zero roentgens (control samples).
Immersion in distilled water produced no visual changes
in either the membranes or the distilled water medium.
Irradiation of 10 6 roentgens.

No visual changes

were observed for any of the membranes or their distilled
water medium exposed to 10 6 roentgens with the exception

of the AMF anion membrane.
was a pale yellow in color.

This membrane originally
After irradiation, brown

areas ( approximately JO% of the total area ) was observ
ed on the membrane.

All membranes, viewed under 48X

magnification, showed no cracks or breakage of the mem
brane.
Irradiation of 10 7 roentgens.

The distilled water

medium of the Ionic membranes became cloudy.

The cloudi

ness of the water did not settle out in time, did not pr&
cipitate with centrifuging and appeared to be a very finely
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divided powder upon evaporation of the liquid medium.

The

powder when viewed under 48X magnification, appeared trans
lucent and resinous in nature.

The Ionic anion membrane

originally yellow-brown in color had turned pale white.
The Ionic cation membrane originally a gray-white in color
had turned pale white.

The distilled water medium of the

Permitit membranes remained clear.

The Permitit cation

membrane, originally brown in color, had a light orange
brown color.

The Permitut anion membrane, originally a

light yellow i n color, had a light orange color.

The dis

tilled water medium of the AMF membranes remained clear.
The AMF cation membrane, originally a dark brown in c olor,
The AMF anion membrane again had

showed no color change.
brown areas.

However the brown areas covered approximately

80% of the membrane area.
All membranes, viewed under 48X magnification, showed

no cracks or breakage of the membranes.
Irradiation of 10

roentgens.

The distilled water

medium of the Ionic membranes was light yellow in color.
Upon standing, light yellow solid matter settled to the
bottom of the container, leaving a clear solution.

The

solid matter, viewed under 48X magnification, appeared to
be spherical beads which were translucent, uniform, and
resinous.

Both the Ionic cation and anion membranes were

similar in appearance, being an opaque white in color.
reinforcing fiber had changed from a color of white to a
color of dark brown.

The
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The distilled water medium of the Permutit membranes
was a pale yellow in color.

Upon sitting, light yellow

solid matter settled to the bottom of the container, leaving
a clear solution.

The solid matter under 48X magnification

appeared to be spherical beads.

The beads ranged in color

from pale white to dark brown.

The beads also varied about

two fold in diameter size.

Both the cation and the anion

membranes were similar in nature, being a bright orange
brown in color.
The distilled water medium of the AMF membranes was a
deep red-brown in color.

The color did not settle out with

time or precipitate upon centrifuging.

When the water

medium was evaporated, a red-brown resinous material was
deposited.

The resinous material viewed under 48X magnifi

cation appeared to be a mixture of red-brown spherical beads
and a mixture of variously shaped dark lumps.

The cation

membrane was a pale brown and appeared to have lost some
color.

The anion membrane was a uniform brown in appearance.

All membranes, viewed under 48X magnification, showed

no cracks or breakage of the membrane.
It was also observed that all membranes increased in
brittleness with increased irradiation. The AMF membranes
8
exposed to 10 roentgens could easily be broken upon bending of the membranes between the investigator's fingers.
Ion Exuhange Capacity.

The results of the ion exchange

capacity �ased on the non-irradiated dry weigh� tests are
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presented in Table V, and figures 1 to 6.
The ion exchange capacity was plotted against Log(Dose
+ 1), where the dose is measured in roentgens.

The term

Log(Dose + 1) was used instead of dose to facilitate plot
ting.

The term Log(Dose + 1) was also used as a parameter

on all following graphs.
The results of the ion exchange capacity (based on the
irradiated dry weight) tests are presented in Table VI, and
Figures 1 to 6.

Each capacity listed in Table V and Table

VI represents the average capacity of an individual sample
as determined by at least two aliquots of fifty milliliters.
The capacities as used in Figures 1 to 6 are averages of all
samples for a given membrane type and level of irradiation.
Electrical Resistance.

The results of the electrical

resistance tests are presented in Table VII, and Figures 7
to 9.

Each resistance listed in Table VII represents a

singular determination for one membrane sample.

The resis

tances as used in Figures 7 to 9 are averages of all sam
ples for a given membrane type and level of :tr'radiation.
Bursting Strength.

The results of the bursting strength

tests a re presented in Table VIII, and Figures 10 and 11.
Each bursting strength listed in Table VIII represents a sin
gular determination for one sample.

The bursting strengths

as used in Figures 10 and 11 are averages of the correspond
ing bursting strengths of Table VIII.

No illustrations are

given for the effect of radiation on bursting strength of
AMF membranes due to lack of sufficient data.

48

Tensile Strength.

The results of the tensile strength

tests are presented in Table IX, and Figures 12 and 13.
Each tensile strength listed in Table IX represents a singu
lar determination for one sample.

The tensile strengths as

used in Figures 12 and 13 are averages of the corresponding
tensile strengths of Table IX.

No illustrations are given

for the effect of radiation on tensile strength of AMF mem
branes due to lack of sufficient data.
water Content.

The results of the water content tests

are presented in Table X, and Figures 14 to 17.

Each water

content listed in Table X represents a singular determina
tion for one sample.

The water contents as used in Figures

14 to 17 are averages of the corresponding water contents
of Table X.
Surface Density.

The results of the wet surface den

sity tests are presented in Table XI, and Figures 18 to 23,
The results of the dry surface density tests are presented
in Table XII, and Figures 18 to 23.

Each surface density

listed in Table XI and Table XII represent a singular
determination for one sample.

The surface densities as

used in Figures 18 to 23 are averages of the corresponding
surface densities of Table XI and Table XII.

TABLE

V

EFFECT OF RADIATION ON CAPACITY
Membrane Capacity ( Meq/ gram ) based
on the non-irradiated dri weight

Approximate
Dose*
(Roentgens)

CR-61

AR-111-A

MC 3142

MA 3148

C-60

A- 6 0

0

2.23
2.32

1.19
1. 28

1. 49
1.1-+-9

0.50
O. 4-9

1. 80
1.83

10 6

2.28
2.28
1.52
1.43
1.49
1.50

1.19
1 .26
1.22
1.28
1. 1 3
1.09

1.45
1.45
1.12
1.08
1.18
1.18

0.40
O. 54
0.53
o. 46
0.52
0.49

1. 87
1. 87
1 . 66
1.62
0.85

1.56
1.7 7
1. 7 0
1.74
1.71
1.74
1. 60
1. 25
1. 2 0

10 7
10 8

TABLE

0.95

VI

EFFECT OF RADIATION ON CAPACITY
Membrane Capacity ( Meq/gram ) based
on the irradiated dr;y weight

Approximate
Dose*
(Roentgens)

CR-61

AR- 1 11-A

MC 3142

MA Jl48

C-60

A-60

0

2.23
2.32

1.19
1.28

1. 49
1. 49

0.50
0.49

1.80
l.83

106

2.JO
2.29
1. 82
1. 7 1
1.86
1.8 7

1. 1 9
1.26
1.17
1.23
1.15
1.11

1. 48
1. 48
1. 22
1. 1 3
1. 22
1. 2 3

0.41

1.96
1.96
1.73
1.69
1.09
1.22

1.56
1.77
1.70
1. 69
1 . 66
1. 7 4
1. 60
1. J4
1. 29

107
108

*Measured dose see Table III, page 26.
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TABLE

VII

EFFECT OF RADIATION ON ELECTRICAL RESISTANCE
Approximate
Dose*
(Roentgens)

2
Membrane Resistance �ohm cm)

CR- 61

AR-111-A

MC 3142

5.6

9. 0
9.4
8 .8
9 .4
9. 4

MA 3148

C- 60

A- 60

3 7 .2
37.4
3 7 .0
37.4
.35.8
J 6.8

2. 0
2.2
2.2
2. 0

5 .8
6.4
6.0

0

4 .4
3.8
4.4
J. 6

10 6

3, 8
7 .0
3. 6
6. 4
7. 0
J.4

5. 4
5.4
5.4

9.2
9.4
9.4
9. 2

J 7 .0
J 6.8
J 6. 6
3 7 .2

2. 0
2. 2
2. 4
2. 0

5. 8
6. 0
6. 0
6.2

10 7

10. 6
8. 6
9.4
10. 0

10. 6
9.6
10 .0
9.8

11. 0
10. 6
1 0.8

58.o
57. 6
58 . 6

5 .9

15. 0
15. 0
15.4

9.4
9 .4
9, 8

15.8
14.8
15.4
15.6

11.2
9.8
10 . 4

6J. 6
62.8
60.8
61.8
54.8
5J.8

6.8
.4
7 .0
6.o

108

6.o
5.4
5.8

*Measured dose see Table I�I.
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TABLE

VIII

EFFECT OF RADIATION ON BURSTING STRENGTH
Approximate
Dose
(Roentgens)
0

10

6

10 7

10

8

Membrane Bursting Strength �2si)
CR-61

AR-111-A MC 3142

MA 314 8

C- 60

A- 60

143
14 7
14 7

121
120
116
122

182
190
188
190

196
196
195
194

X
X
X
X

X
X
X
X

143
146
145
145

120
130
118

1 84
190
182
195

1.90
1. 80
1. 80
1.86

X
X
X
X

X
X
X
X

140
134
136
142

120
121
131
135

16 9
1 63
1 76
163

120
120
124

X
X

X
X

10 7
10 8
113
111

90
92
90
96

140
135
124
125

127
131
133
130

36
46
36

77

x-Membrane too flexible to be broken within limit of
testing equipment

89

81

86

61
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TABLE

IX

EFFECT OF RADIA TION ON TENSILE STRENGTH

Approximate
Dose*
(Roentgens)
0
106
107
108
X -

Membrane Tensile Strength
{12ounds 12er inch width)
CR-61
67
62
62
58

58

60
51
49

AR-111-A

MC 314 2

MA 314 8

110
110
112
118
70
75
79
77

112
1 10
104
1 06
96

48

50
52
56

37
38
28
29

95

73
74

C-60 A -60
X
X

X
X

X
X

X
X

X
X

X
X

23
28

12
11

Sample broke in vise grip at limit of jaw separation,
resulting in an unacceptable test.
TABLE

X

EFFECT OF RADIATION ON WATER CONTENT
Approximate
Dose*
(Roentgens)
0
106
107
10 8

Membrane Water Content {Per Cent)
CR-61

AR-111-A

MC 314 2

39.5
38.4
39.3
37.8
37.1

37.3
36.9
36.8
36.2
35.7
37.5
35.4
35.5
35.0
37.8
36.9
37.6

10.2
11.3
9. 5
13.3
13.6
14.5
l}. 9
13.5
14 .3
17 .4
18 .1
18 .5

35.2
35.2
35.O
37.6
37.5
37.5

*Measured dose see Table II I.

MA 314 8

C-60

A- 6 0

14.0
14 .4
14 .1
14.9
15.0

37 .5
38 .7
38 .3
43.3
46 .1

15.3
15.6
16.1
15.8
1 9.2
19.2

4 5.9
4 5.4
4 4.4

31.1
31.4
31.2
26.6
27.1
26.6
24.7
25.7
24.7
22.7
22.9
22.5

5 1.0
51.2
5 0.3
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TABLE

XI

EFFECT OF RADIATION ON WET SURFACE DENSITY

Approximate
Dose*
(Roentgens)
0

Membrane Wet Surface Density
�Grams/cm2 wet membrane)
CR-61
0.6 121
0.548 4
0,59 86
0.6125
0.5217
0.5671
0.4 567
0.4639
o.4 599
0.4 557
o. 4574
0.4 625

106
107
108

AR-111-A MC 31 42 MA 31 4 8
o.4210
o. 4 175
0.4237
o. 4 o84
0. 4 124
0. 4291
o. 4240
o. 4252
o.4293
o.4152
0.4107
o.4122
TABLE

0,1351
0.13 4 9
0,1381
0.13 81
0,1373
0.1 4 13
0,13 43
0.1375
0,1338
0.1462
0.1455
0.1382

C- 60

0.145 4 0.210 4
0.147 4 0,20 88
0.1 4 5 7 0.2099
0.1 4 4 7 0.214 4
0.1467 0.2197
0.1431 0.2160
0.14 88 0.2235
0.1 4 89 0.2276
0.1508 0.2260
0,1366 0.2017
0.1484 0.2084
0.1439 0.2020

A-60
0.2039
0.2048
0.2007
0,2001
0.1960
0.19 4 3
0.1859
0.1884
0.1 856
0.1651
0.1699
0,1729

XII

EFFECT OF RADIATION ON DRY SURFACE DENSITY

Approximate
Dose*
(Roentgens)
0
106
107
10 8

Membrane Ery Surface Density
{GramsLcm dri membranel
CR-61
0.3941
0.3579
0,3866
0.4029
0.3 468
0,3107
0,3155
0,3142
0,3053
0,3069
0,3102

AR-111-A MC 3142 MA 3148
0. 2 8.21
0.2 81 4
0.2 861
0.27 40
0.2788
0,2819
0, 2 9 66
0,2970
0,3025
0,3006
0.2979
0.2 976

*Measured dose see Table III.

0.1209
0.1193
0.1246
0.1211
0.119 4
0.1251
0.11 47
0.1181
0.1137
0.1178
0.1162
0.1079

0.1310
0.1321
0.1311
0.1265
0.1273
0.1300
0.1304
0.1304
0,1191
0.1233
0.1202

C-6 0

A-60

0.181 8
0.1769
0.1792
0.1832
0.1816
0.181 7
0.1859
0.1792
0.1802
0.1538
0.15 84
0.1562

0.1762
0.1762
O.17 32
0.1770
0.1724
0,1721
0.176 3
0.1763
0.1763
0.1610
0.1685
0.1724
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IV.

DISCUSSION

The discussion is presented in three sections; (A)
discussion of results, (B) recommendations, and (C)
limitations.
A.

Discussion of Results

The results of this investigation are discussed in
the same order as the data were presented in the preceding
section.
Total Ion Exchange Capacity.

An observation of the total

ion exchange capacity tests, Figures 1 to 6 and Tables V
and VI, shows that a definite change had t aken place in
five of the six irradiated membranes.

The magnitude of

these changes as compared with the corresponding non
irradiated membranes is such that the irradiation was
undoubtedly responsible for the change.
The total ion exchange capacity is a measure of the
total number of ionic groups attached to the membrane
matrix and the ability of such groups to interchange ions.
A loss in total ion exchange capacity indicates a reduc
tion in the number of attached ionic groups or a loss in
their ability to interchange ions.
Several interesting points may be noted from the tests
on the individual membranes.
The total ion exchange capacity decreased for all
irradiated membranes with the exception of the Permutit

78

MA 3148 (anion) membrane.

Although changes in the capacity

of the Permutit MA 3148 membrane were noted, their magni
tude compared to experimental deviations, was so small that
In all cases, the capacity of the

they are insignificant.

anion membranes was affected to a lesser degree by increas
ing radiation than the capacity of the cation membranes.
Appreciable effect on membrane capacity did not occur until
a total dose of 10 7 roentgens or greater had been reached.
If the capacity loss were due entirely to a uniform
erosion or degradation of membrane material, the capacities
based on the irradiated dry weight would be constant for
each membrane.

However each membrane suffering a loss of

capacity as based on the unirradiated dry weight had a
corresponding loss of capacity as based on the irradiated
dry weight.

These results indicate that the capacity loss

could not be due entirely to a uniform erosion of membrane
material.
Electrical Resistance.

An observation of the electrical

resistance tests, Figures 7 to 9 and Table VII, shows that
the electrical resistance of all membranes increased with
increasing radiation.

In all cases, the electrical resis

tance of the cation membranes was affected to a lesser
degree by increasing radiation than the resistance of the
anion membranes.

Appreciable effect on membrane resistance

did not occur until a total dose of 10 7 roentgens or
greater had been reached.
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At least three properties of a membrane influence the
electrical resistance of the membrane.

These properties

are the ion exchange capacity, the degree of cross linking
of the membrane, and the water content.
The s pecific electric conductance of a material is
essentially determined by the concentration and mobility of
the electrons or ions which the material contains.

Ion

exchange membranes like electrolyte solutions contain
mobile ions and are therefore ionic conductors.

The ion

exchange capacity of a membrane is a measurement of its
fixed ionic groups and indirectly the concentration of the
counter ions within the membrane.

Thus a membrane having a

high capacity will be a good ionic conductor and have a
resulting low electrical resistance.

Conversely, a low

capacity would correspond to a high electrical resistance.
The degree of cross linking of a membrane determines
the mesh width of the membrane matrix and thus the swelling
ability of the membrane and the mobility of the counter ions
within the membrane.

Increased cross linking results in a

more rigid matrix and reduces the swelling ability of the
membrane.

With a smaller volume of liquid held within the

membrane, the number and mobility of counter ions is
reduced and the electrical resistance is increased.

Conver

sely reduced cross linking results in lowered electrical
resistances.
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The water content of a membrane indicates the amount
of liquid held within the membrane and therefore the number
and mobility of counter ions.

A high water content corre

sponds to a low electrical resistance and conversely a low
water content corresponds to a high electrical resistance.
Both the bursting

Bursting Strength and Tensile Strength.

strength and tensile strength tests are indications of the
mechanical strength of the membranes.

Examination of

Figures 10 to 13 and Tables VIII and IX shows that in all
cases both the bursting strength and the tensile strength
decreased with increasing irradiation.

Appreciable effect

on bursting strength and tensile strength did not occur
until a total dose of 10 7 roentgens or greater had been
reached.

The mechanical strength of a membrane is a func

tion of the matrix structure.

A loss in mechanical strength

could be caused by a decrease in the number of cross links
of the matrix, by breakage of the long chain polymers of the
matrix or by a rearrangement of the matrix producing an
erratic and thus weaker structure.

All of these effects

are possible as a result of irradiation as discussed in ILc.2.
Effect of Radiation on Organic Compounds.
water Content.

Examination of Figures 14 to 16 and

Table X, shows that no definite overall trends are indicated
by the water content tests.

The water content of both the

Ionic CR-61 and AR-111-A membranes decreased up to 10 7

roentgens but increased at 10 8 roentgens.

At 10 8 roentgens,
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the Ionic CR-61 membrane showed a small decrease in water
content compared to the un-irradiated membrane water con
tent.

The Ionic AR-111-A membrane at 10 8 roentgens showed

a small increase in water content as compared to the un
irradiated membrane.

Both Permutit membranes showed an

increase in water content with increased radiation.

The

water content increase for Permutit MC 3142 at 10 7 and 10 8

roentgens was approximately three times the corresponding
water content increases for Permutit MA 3148.

However at

10 8 roentgens the water contents for both Permutit membranes
were approximately equal.

The AMF C-60 membrane showed

increased water content with increased radiation.

The AMF

A-60 membrane showed decreased water content with increased
readiation.
A membrane is capable of holding water by two mechan
isms.

The first mechanism is water of hydration.

Each of

the ionic groups attached to the resin matrix has an
affinity f or water and water will thus be held as water of
hydration by the ionic groups.

The larger the number of

ionic groups the greater the total water of hydration.

It

is this water of hydration that is so difficult to remove
when drying a membrane.
physical absorption.

The second mechanism is that of

The membrane matrix swells and en

closes water within the matrix.

The physical water content

is determined by the swelling ability of the membrane and
the swelling ability is controlled by the degree of cross
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linking.

The greater the cross linking, the lower the

swelling ability and thus the lower the physical water
content.
Surface Density.

The wet surface density depends

primarily on the weight of the sample including water con
tent, and the area of the sample.

The areas of all wet

samples showed neglible deviation from the corresponding
areas of the non-irradiated wet samples.

Any difference in

wet surface density would indicate a change in weight of
either the membrane material or the water content of the
membrane or both.

The area of dry irradiated samples also

showed little deviation from the corresponding areas of the
non-irradiated dry samples.

Any change in dry surface den

sity would therefore indicate a change in weight of the
membrane material.
Both t he wet surface density and the dry surface den
sity of the Ionic CR-61 irradiated membranes showed a
decrease in surface density.

Since both densities showed

a decrease despite fluctuations in water content, the con
clusion, can be drawn that a loss of weight of Ionic CR-61
did occur with increasing radiation.
The wet surface density of Ionic AR-111-A membrane
showed minor fluctuations with increased radiation.

How

ever the corresponding dry surface density showed a defin
ite increase in density.

A gain in weight of Ionic AR-111-A

with increasing radiation was indicated.
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The dry surface density tests of Permutit MC 3142 mem
brane showed decreasing density with increasing radiation.
The corresponding wet surface density tests showed a smaller
decrease or an increase in density.

Since the water con�nt

of Permutit MC Jl42 membranes increases with increased radi
ation, the smaller decrease or increase in wet surface density would be anticipated.

It can be concluded that the

Permutit MC 3142 suffered a loss in weight with increasing
radiation.
Both the dry surface density and the wet surface den
sity of Permutit MA 314 8 membranes showed positive and
negative fluctuations up to an irradiation of 10 7 roentgen&
At 10 8 roentgens both densities decreased. Since the water
content of Permutit MA 3148 membranes increased with increased radiation, it can be concluded that at 10 8 roentgen�
the Permutit MA 3148 membranes suffered a loss in weight.
Similar results were obtained for the AMF C-60 mem

branes indicating that at 10 8 roentgens, AMF C-60 membranes
suffered a loss in weight.
The dry surface density of the AMF A-60 membranes
showed a small decrease in density with increased radiation
whereas the wet surface density showed a much larger cor
responding decrease.

Since the water content of AMF A-60

decreases with increasing radiation, this result should be
anticipated.

The conclusion is that AMF A-60 suffered a

loss in weight with increasing radiation.

84

All cation exchange membranes tested indicated a loss
in weight with increasing radiation.

All anion exchange

membranes indicated a loss in weight with increasing radia
tion with the exception of Ionic AR-111-A membrane which
indicated a gain in weight with increasing radiation.
Mechanism of Reaction.

It is impossible to postulate

a definite mechanism of the reaction caused by the gamma
irradiation of ion exchange membranes due to lack of infor
mation both on the basic chemical and physical structure of
ion exchange membranes and on the effect of radiation on
organic compounds, particularly polymer compounds.

Even if

the effects of radiation on organic compounds were defin
itely k nown, the indicated complexity of radiation products
would necessitate any proposed mechanisms of reaction to be
extremely general in nature.
Nater (JJ) postulated that the effect of radiation on

cation exchange resins was the hydrolysis of the attached
sulfonate grouping to free

so 4

ions.

The effect of radia

tion on anion exchange resins was the degradation of the
attached amine grouping and subsequent cross linking
through the grouping site.

The general mechanism of the reaction caused by the

gamma irradiation of cation exchange mechanisms proposed by
the investigator is as follows:
1.

The sulfonate grouping is hydrolyzed to a free so 4
ion by the activated water formed by irradiation.
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2.

The long chain polymers of the membrane material
are split apart by the gamma radiation forming
short polymer chains with active ends.

J.

The short polymer chains subsequently re-polymerize
in a random manner producing a final matrix that
has areas of high cross linkage and areas of low
cross linkage. On the average, the total amount
of cross linkage will be greater than that of the
unirradiated membrane.

The general mechanism of the reaction caused by the
gamma irradiation of anion exchange membranes proposed by
the investigator is as follows:
1.

The amine grouping is degraded by the activated
water formed by irradiation. However the loss of
the amine grouping leaves an active site that is,
a site capable of cross linkage.

2.

The long chain polymers of the membrane material
are split apart by radiation, forming short poly
mer chains with active ends.

J.

The short polymer chains subsequently re-polymerize
in a random manner similar to those of the cation
membrane. However the total amount of cross link
age after irradiation will be greater than that of
cation membranes due to the presence of active
sites left by the degradation of the amine group
ings.

The proposal of the hydrolysis of the sulfonate group
and the degradation of the amine group is supported by the
fact that upon irradiation, the ion exchange capacity of
membranes decreased.

Accompanying the decrease in ion

exchange capacity was a loss in weight of the membrane
material as shown by the surface density t ests and visual
observation of expelled matter.

The total ion exchange

tests based on irradiated dry sample weights indicated that
the loss in membrane weight was not a uniform erosion but
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could be associated with the decreased number of fixed
ionic groups (the sulfonate or amine groups).
Both Mason and Parsi and this investigator found that
membranes increased in brittleness upon irradiation.

The

increase in brittleness indicates an increase in the cross
linkage of the irradiated membranes.

Additional support

for increased cross linkage is given by the test results
that electrical resistance always increased after �radia
tion.

The greater degree of cross linkage of anion mem

branes after irradiation in contrast to cation membranes is
supported by the test results that the electrical resis
tance increases of anion membranes were always greater than
the corresponding electrical resistance increases of the
cation membranes.

Also, in the cases where water content

increased upon irradiation, the increases of water content
in the anion membranes were always less than th ose of the
corresponding cation membranes.
The erratic re-polymerization of the broken polymer
chains is supported by the fact that there was little if
any change in physical dimensions after irradiation.

How

ever despite increased cross linkage, the bursting strength
and the tensile strength of irradiated membranes decreased.
These results indicate a structure composed of areas of
strong cross bonding giving rigidity to the entire structure
and areas of weak cross bonding causing a loss in mechanical
strength.

The possibility of strongly and weakly cross
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linked areas is also supported by the water content tests.
Despite the loss of ion exchange capacity and increased
cross linkage which would tend to decrease the membrane
water content, most of the irradiated membranes demonstrat
ed increased water contents after irradiation.

The

increased water capacity could be due to increased ability
of certain areas of the membrane to swell and mechanically
absorb water.
B.

Recommendations

There are numerous ways in which this investigation
could be extended.

The first way would be to investigate

membranes that have been given constant doses of radiation
at different rates.

It is possible that the rate of irra-

diation might be a determining factor in the effect on the
membrane.
Another possible extension would be to expand the
range of radiation doses received by the m embranes beyond
10

roentgens.

Increased dose exposures would indicate

whether the effects as noted in this investigation are
found at the higher dosages.

It would also reveal if the

trend of effects as found is uniform or if it reaches a
limiting value.
A third extension might be to repeat this investiga
tion with the membranes within other media than distilled
water during irradiation.

It is possible that the effects
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of radiation on membranes are dependent upon the nature of
the medium in which the membranes are radiated.
C.

Limitations

There were five limitations in this investigation that
could have an important bearing on the results.

They are

as follows:
Since the samples were irradi

Rate of Irradiation.

ated by two different sources, the rates of irradiation
were different.

The irradiation rate for the 10 6 and 10 7

roentgen dose levels, produced by the training reactor,
also varied due to buildup of gamma active fission products
in the reactor core.

The variance of rates of irradiation

could have made a difference in the effects of the radia
tion on the membranes.
Irradiation Source.

The 10

8

roentgen irradiations

were obtained from a pure gamma source.

The 10 6 and 10 7

roentgen irradiations were obtained from a nuclear reactor.
In addition to the gamma rays emitted from the nuclear
reactor core, a wide energy range of neutrons were also
emitted.

The majority of the neutrons emitted by the reac

tor core were probably thermalized before reaching the
sample membranes.

Thermalized neutrons do not have suffi

cient energy to break chemical bonds and thus will not
effect membrane properties.

However, a small amount might

not have been thermalized and could have affected the mem
brane properties.
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Time Delay Between Irradiation and Testing.

Testing

of membranes should have been done at a specified time after
irradiation.

This was not possible due to varying times

required for transportation to and from the irradiation
facilities, the irradiation schedule as determined by the
facilities, varying time required for decay of radioactivity
of samples, and the varying time required t o test the mem
branes.
Availability of Membrane Material.

Due to the high

cost of membrane material, sufficient membrane material was
not available for the testing of large numbers of samples
to insure reproducibility of results.
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V.

CONCLUSIONS

Comparison of test results yielded the following con
clusions.
Total Ion Exchange Capacity.

With the exception of Permutit

MA 3148, all membranes investigated suffered decreased total
ion exchange capacity with increasing radiation.

The capa

city of the anion membranes was affected to a lesser degree
by increasing radiation than the capacity of the cation mem
branes.

The loss in capacity was accompanied by a loss in

weight of the membrane.

The loss in membrane weight was not

a uniform loss of material but appeared to be associated
with the fixed ionic grouping.
Electrical Resistance.

The electrical resistance of all

investigated membranes increased with increasing radiation.
The electrical resistance of the cation membranes was
affected to a lesser degree b y increasing radiation than the
resistances of the anion membranes.
Bursting and Tensile Strengths.

Both the bursting strength

and the tensile strength of all investigated membranes
decreased with increasing radiation.

However all samples

increased in brittleness with increasing radiation.
Water Content.

No overall trends were indicated by the

water content tests.
of four membranes.

However trends were indicated for each
The water content increased with
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increasing radiation for both Permutit membranes, increased
for AMFion C-60 and decreased for AMFion A-60 membrane.
Surface Density.

With the exception of Permutit AR-111-A,

the surface density tests indicated that a loss in membrane
material was experienced with increasing radiation.

Permu

tit AR-111-A showed an increase in weight.
Useful Life of Membrane.

Since appreciable effects were

not experienced for total ion exchange capacity, electrical
resistance, bursting strength, and tensile strength tests
until an exposure of 10 7 roentgens had been reached, a min

imum useful life of the in vestigated membranes is concluded

to be in excess of 10 7 roentgens.

A reasonable estimate of

useful membrane life would be the time required for a total

dosage of 10 8 to 10 9 roentgens.
Mechanism of Reaction.

The proposed general reaction mech

anism is the reaction of the activated water produced by

irradiation to hydrolyze the sulfonate grouping of cation
membranes to free so4 and to degrade the amine grouping of
anion membranes leaving an active site for subsequent cross
linking.

The long chain polymers of both type membranes

are broken apart and the resulting short polymer chains re
polymerize in an erratic or random manner.

The resulting

matrix is structurally more rigid but mechanically weaker.

92

VI.

SUMMARY

The purpose of this investigation was to determine the
effects of gamma radiation on ion exchange membranes.

The

membranes chosen for investigation were Nepton CR-61, Nepton
AR-111-A, Ionac MC 3142, Ionac MA 3148, AMFion C- 60 and
AMFion A-60.

Samples of each membrane were irradiated to

10 6, 10 7 and 108 roentgens by exposure to either a lOKW

nuclear reactor or spent reactor fuel elements.
were performed on the various membranes.

Six tests

The tests were

(1) total ion exchange capacity, (2) electrical resistance,
(3) bursting strength, (4) tensile strength, (5) water
content, and ( 6) wet and dry surface densities.

The data

from the tests were tabulated and presented so that a
direct comparison could be made as to the effect of the
radiation on the membranes.
With the exception of Permutit MA 3148, all membranes

investigated suffered a decrease in total ion exchange
capacity with increasing radiation.

The capacity of cation

membranes was affected to a lesser degree than the capacity
of the anion membranes.

The electrical resistance of all

membranes increased with increasing radiation.

The elec

trical resistance of the cation membranes was affected to a
Lesser degree than the resistance of the anion membranes.
Both-the bursting and tensile strengths of all membranes
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decreased with increasing radiation despite an increase in
brittleness with increasing radiation.

No overall trends

were detected for the effect of radiation on water content.
With the exception of Permutit AR-111-A all membranes lost
weight during irradiation.
The useful membrane life of investigated membranes was
estimated to be the time required for a total exposure of
10

8

to 10 9 roentgens.
A proposed mechanism was given for the effect of radi

ation on ion exchange membranes.

Initially, activated water

is formed as a result of the action of gamma radiation on
water.

The activated water then hydrolyzes the sulfonate

grouping of the cation membrane to free

so 4,

or in the case

of anion membranes degrades the amine grouping with subse
quent cross linking.

The effect of the gamma radiation on

the long polymer chains of the membranes is to split apart
the long chains.

The broken polymer chains subsequently

re-polymerize to form a more rigid but mechanically weaker
matrix.
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